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Crystallization and morphology of perovskite ﬁlm played an important role to obtain eﬃcient performance of perovskite solar cells.
This study is aimed at optimizing the fabrication of hybrid organic–inorganic lead iodide perovskite layer by a two-step method
modiﬁed by a double dip coating process which enables to control the perovskite crystallization and morphology. The duration
time of each circle for the step of dipping PbI2 ﬁlm to methylammonium iodide solution was varied from 90 to 240 second. The
obtained perovskite ﬁlms were characterized by X-ray diﬀraction to evaluate the transformation of PbI2 reactant to the
perovskite product and its crystallization, by scanning electron microscopy to observe its morphology. Then, the perovskite
ﬁlms were implemented in functional perovskite solar cell devices followed by current–voltage characterization. Results showed
that the perovskite was formed via an equilibrium process which reached an optimum transformation of PbI2 to the product
after 2 × 150 second circle dip coating, and its morphology was smooth with the least voids. The solar cell devices fabricated at
the optimum conditions achieved a comparable performance of about 14%.

1. Introduction
Organic–inorganic hybrid materials adopting perovskite
structure have attracted considerable attention because of
their superior properties and excellent power conversion
eﬃciencies (PCE). The ﬁrst hybrid perovskite based on
CH3NH3PbBr3 was reported by Kojima et al. with PCE
value of 2.2% [1, 2]. In 2009, they obtained a PCE of 3.8%
by using iodine (I) instead of bromine (Br) [2]. Later, there
have been tremendous eﬀorts to enhance the eﬃciency in
the hybrid lead halide perovskite CH3NH3PbX3 (X : halogen)
[3–8]. Among them, Gratzel et al. reported a remarkable
record on the solid-state heterojunction DSCs employing
CH3NH3PbI3 with 9.7% of PCE [4]. Recently, the PCEs of
PSCs have soared to 25.2% in 2019, the highest reported to
date [9]. As demonstrated in these studies, controlling the

morphology of perovskite ﬁlms is essential for improving
the performance of PSCs. In this regard, deposition process
plays an important role in the growth of perovskite crystal.
In terms of fabrication processes, the solution deposition of
perovskite ﬁlms has been conducted through one-step and
two-step approaches. One-step coating uses a solution comprising of CH3NH3I and PbI2 sources, which is dissolved into
a single solution, and then, it was coated on the substrate via
spin-coating [4, 10, 11]. Even though the one-step deposition
is simple, the challenge of obtaining the high photovoltaic
performance still remains. This obstacle is largely due to
the low reaction conversion, low crystallization, high pinhole
density, and high series resistance [12–14].
By contrast, the two-step sequential dipping deposition
pathway in fabricating the perovskite layer involves a
spin-coating process to deposit lead iodide (PbI2) onto the
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substrate; then, PbI2 ﬁlm is converted into methylammonium lead iodide (MAPbI3) perovskite ﬁlm by dipping it
in methylammonium iodide (MAI) solution followed by a
heat treatment step. In 2015, Fu et al. proposed about the
dissolution-recrystallization mechanism in perovskite ﬁlm
[15], suggesting that the reaction between PbI2 and MAPbI3
was reversible as well as the photovoltaic performance of the
device was aﬀected by this process. Later, Lou et al. [16] precisely demonstrated inﬂuence of the perovskite morphology
on the device’s performance through current–voltage (J – V)
characterization. Moreover, Hsieh et al. [17] explained their
experimental phenomenon based on the aforementioned
mechanism and provided more evidences about the correlation of morphology evolution and crystal growth followed
the dipping time, as well as their eﬀect on the photovoltaic
performance. Therefore, it is crucial to control the morphology and the transformation yield by optimizing the dipping
time in order to obtain an eﬃcient perovskite thin ﬁlm for
solar cell application. Recently, Gao et al. [18] reconﬁrmed
that the soaking time is the strong factor in controlling the
crystallization of MAPbI3 crystal and optical properties
through the UV-Vis absorbance spectra and the XRD diﬀraction patterns. It has been noticed that the duration of dipping
time was mostly reported as total time for a whole process in
literatures, and the transformation process from PbI2 to
MAPbI3 perovskite occurred obviously fast [15–18]. Wei
et al. demonstrated that dipping the PbI2 ﬁlm in MAI solution in a short time (less than 1 min) could form the perovskite product but just as a skin on PbI2, but doing the same
procedure in a longer time (several min) caused a fact of
recrystallization of the perovskite [17]. Both situations led
to low energy conversion eﬃciency in the solar cells. Based
on all the aforementioned work, we proposed that the formation of the perovskite ﬁlm should be divided into two steps
including crystal nucleation and preferable oriented crystal
growth. The ﬁrst circle in the dipping step is aimed at creating the perovskite skin on the PbI2 and the second circle
forced to a complete transformation of the inner reactant to
the product.
Herein, we report a two-step deposition method modiﬁed by a double dip coating process in perovskite ﬁlm fabrication which enabled to improve the perovskite ﬁlms
with high crystallinity and smooth morphology. In order
to evaluate the eﬀect of dip coating treatment, we conducted
experiments with diﬀerent duration times of each circle
(90 s, 120 s, 150 s, 180 s, and 240 s). The perovskite ﬁlm
was fabricated via the new modiﬁed double cycle process
and characterized using various structural and electrical
characterization methods. The ﬁlms were then implemented
in the solar cell devices which were characterized by current–voltage (J – V) curve measurement to evaluate their
photovoltaic performance.

2. Experimental Section
2.1. Synthesis of CH3NH3I (MAI). MAI was prepared by
following the procedure reported in literature [17]. Hydroiodic acid (57 wt. % in water, Sigma–Aldrich) was added dropwise to methylamine solution (33 wt. % in absolute ethanol,
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Sigma–Aldrich), and the mixture was stirred under a nitrogen ﬂow for two hours to obtain white precipitate of MAI.
The product was ﬁnally collected and dried at 45°C in a vacuum oven overnight after recrystallization in ethanol and
diethyl ether at -7°C for ten hours.
2.2. Solar Cell Fabrication. Fluorine-doped tin oxide (FTO)
glass (2.2 mm; 8Ω/sq; Pilkington, USA) was cleaned step
by step in a detergent solution, deionized water (DI) and
ethanol and acetone, rand dried by an air blower. After that,
the TiO2 compact layer (c-TiO2) was spin-coated onto the
FTO substrate with a solution of 0.15 M titanium diisopropoxide bis(acetylacetonate) (75 wt% in isopropanol)
(Sigma-Aldrich, Germany) and annealed at 500°C for
30 min. The c-TiO2│FTO ﬁlm was pretreated in a 40 mM
TiCl4 (≥98%, Fluka, Japan) solution at 70°C in an oven for
30 min and annealed at 500°C in 30 min. Next, a 200 nm
thick mesoporous TiO2 layer (m-TiO2) was deposited on
top of the c-TiO2 layer by spin-coating with an ethanoldiluted commercial TiO2 paste 30 NR (Dyesol, Australia),
then calcinated from 325°C to 500°C for 2 h. The mTiO2│c-TiO2│FTO substrate was treated again with TiCl4
solution as aforementioned.
The perovskite ﬁlm was then fabricated on the top of mTiO2 layer with the ﬁrst step of loading the 1.5 M PbI2
(Sigma–Aldrich, Germany) solution dissolved in a mixture
solvent of DMF : DMSO (9 : 1) by spin-coating. Following
the conventional two-step procedure, the wet PbI2 layer
was heated at 70°C for 10 min before dipping the whole substrate into the MAI solution in iso-propanol (9.5 mg/mL) to
form the perovskite MAPbI3 ﬁlms, followed by a spincoating to dry out the solvent on the surface. The dipping
step was repeated two times until the perovskite ﬁlm changed
to dark brown; after that, it was heated on the hot plate at
120°C for 20 min. The dipping duration time for each circle
was varied between 90, 120, 150, 180, and 240 seconds. It
should be noted that the fabrication of PbI2 and perovskite
ﬁlm was performed in ambient conditions with humidity
controlled at around 30–40%.
The hole transport material (HTM) solution was prepared by dissolving 75 mM spiro-OMeTAD, 25 mM Li-TFSI,
and 120 mM 4-tert-butylpyridine in chlorobenzene. All of
these chemicals and the above solvents were purchased from
Sigma–Aldrich, Germany, and used as received. Then, the
HTM solution was spin-coated onto the hybrid perovskite
ﬁlm, and ﬁnally, a 80–100 nm gold layer was thermally evaporated on the spiro-OmeTAD-coated ﬁlm to form the back
contact layer. The size of one device was 1:5 × 8:7 mm. The
perovskite device fabrication process was summarized in
Scheme 1 with a photo of the ﬁnal real device.
2.3. Material and Device Characterization. Morphology of
perovskite ﬁlms were obtained by ﬁeld emission scanning
electron microscopes (FE-SEM), operated at an accelerating
voltage of 5 kV (SU-8010, Hitachi Japan). The powder Xray diﬀraction (XRD) patterns of the samples were acquired
using a D2 Bruker diﬀractometer operating at 40 kV and
150 mA, equipped with Cu Kα1 radiation source (λ = 1:5406
nm Å). The 2θ angular domain varied between 10° and 45°,
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Scheme 1: The process of perovskite solar cell fabrication by two-step procedure modiﬁed double dip coating step (rpm: round per minute)
with the ﬁnal real device.
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Figure 1: (a) XRD patterns of MAPbI3 ﬁlms obtained at diﬀerent conditions of dipping time ndipping × dipping time t dipping . The right column
gives the intensity ratios between PbI2 (003) and MAPbI3 (100). (b) Proﬁle matching of the XRD pattern recorded on 2 × 150 s dipping
condition. The structure of MAPbI3 is indexed in the space group Pm-3 m, a = b = c = 6:2673 Å.

with a step of 0.02° and acquisition time of 0.25 s/step, and
the proﬁle matching were performed on the recorded XRD
patterns, using FullProf Suite (Cuα K-alpha1 radiation
(λ = 1:5406 nm Å). Furthermore, the crystallite sizes were
calculated by applying Debye-Scherrer’s equation: Dp = Kλ/
ðB cos θ Þ from the XRD pattern, and the FWHM was calculated by OriginPro software.
The current–voltage (J – V) curve were measured by a
Keithley 2400 digital source meter under AM 1.5G illumination and at an intensity of 100 mW cm-2 (Peccel Technologies, PEC-L15), while the step scan was controlled at 10 mV
and the delay time was 50 ms.

3. Results and Discussion
Figure 1 shows the XRD diagram of the perovskite ﬁlms fabricated at diﬀerent dipping times and the ﬁtted XRD pattern
of the 2 × 150 s sample which reached to the highest transfor-

Table 1: The ratio between integrated peak PbI2 (003) and MAPbI3
(100) and the calculated crystallite sizes of MAPbI3 fabricated at
various dipping times.
2 × 90 s 2 × 120 s 2 × 150 s 2 × 180 s 2 × 240 s
I PbI2 /I MAPbI3
Crystallite
size (nm)

(∗ )

0.70

0.56

0.16

0.63

0.39

58.90

57.06

58.08

61.05

60.71

(∗ )

I PbI2 ð003Þ /I MAPbI 3 ð100Þ was calculated based on the integrated peak of PbI2
(003) and the integrated peak of MAPbI3 (100).

mation of PbI2 to the perovskite product. From the XRD patterns, the crystallite size of the perovskite, calculated by
Debye–Scherrer’s equation, and the conversion of PbI2 layer
to MAPbI3 by dipping the PbI2 ﬁlm into MAI solution was
shown in Table 1.
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Figure 2: Scanning electron microscopy (SEM) images of the MAPbI3 ﬁlm fabricated at diﬀerent preparation conditions: (a) 2 × 90 s, (b)
2 × 120 s, (c) 2 × 150 s, (d) 2 × 180 s, and (e) 2 × 240 s.

The formation of perovskite layer during the dipping
process could be realized by the color changing of PbI2
ﬁlm from yellow to brown, then dark brown. We have
noticed that during the single-dipping process of PbI2 thin
ﬁlm to MAI solution, the color of PbI2 ﬁlm was changed
slightly from yellow to a mixture of orange and brown.
However, the color of the samples conducted under double dipping condition changed into brown, indicating the
improvement of MAPbI3 formation yield. As shown in the
XRD pattern in Figure 1(a), ﬁve preferable peaks located
at 14.11°, 20.02°, 24.58°, 28.46°, and 31.9° are indexed as
the MAPbI3 cubic phase of (100), (110), (111), (200), and
(210) lattice planes, respectively [19]. However, the residual
PbI2 are observed in the XRD diﬀraction pattern of all samples, due to the presence of mainly (003) lattice planes at
12.7°. Moreover, as shown in Figure 1(b), some small diffraction peaks are observed at 23.48°, 26.45°, and 33.68°,

Dissolution:
CH3NH3PbI3(s) + I−
PbI2 + 2I−

CH3NH3+ + PbI42−

PbI42−

Recrystallization:
PbI4− + CH3NH3+

CH3NH3PbI3 + I−

Scheme 2: The proposed mechanism of dissolution–recrystallization
process of perovskite ﬁlm fabricated by a two-step dipping process
explains the formation of voids and defects on the perosvkite ﬁlm
and the large grain size of perovskite crystals [17].

which attributed to the presence of TiO2 and SnO2 in the
sample during the synthesis approach on FTO│TiO2 substrate [20].
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Figure 3: (a) J – V curve of the best performance cell at 2 × 150 s condition measured under AM 1.5G illumination at 100 mW cm-2 with
forward and reverse scanning. (b) J – V curves of the best devices fabricated at various dipping times.

The ratio of PbI2/MAPbI3 is found to decrease signiﬁcantly from 0.7 to 0.16 when the dipping time per circle
was varied from 90 s to 150 s, but then increases to 0.63 when
the dipping time was prolonged to 180 s. It indicates that the
reaction between PbI2 and MAI is a reversible process, and
the highest conversion of PbI2 is obtained at 2 × 150 s dipping
time. The results in Table 1 also clearly show that the average
crystal size (D) increases when varying the reaction time
from 90 s to 240 s.
In order to study the inﬂuence of the dipping time on the
growth of the MAPbI3 grain size as well as the dissolutionrecrystallization process on the MAPbI3 surface, the SEM
analysis of fabricated perovskite ﬁlm was examined at diﬀerent conditions. After reaction at 2 × 90 s, the surface morphology of crystallites MAPbI3 are covered in regularly
shaped grains ~100 nm in diameter (Figure 2(a)), and the
holes are observed on the perovskite ﬁlm. After 2 × 120 s
and 2 × 150 s dipping in MAI solution, the perovskite ﬁlms
are composed of regularly grains with size of 150–300 nm
which can cover all holes and defects on the perovskite surface (Figures 2(b) and 2(c)). However, the SEM image of
the samples obtained at 2 × 180 s and 2 × 240 s provides average grain sizes of 150–300 nm and 150–400 nm, respectively
(Figures 2(d) and 2(e)) as well as the presence of holes on
the surface even though the duration time was prolonged.
This observation might be explained by the dissolution–
recrystallization process of MAPbI3, which was reported to
occur not only on the layer of perovskite ﬁlm but also inside
of the perovskite grains, due to the oversaturation of I- ion

[15, 17]. Hence, the formed MAPbI3 will react with an excess
amount of I- ion in MAPbI3 solution and generated to lead
polyiodide complex (PbI42-) as well as the unconverted
PbI2. Accordingly, PbI42- will react with CH3NH3+ ion and
recrystallize to grow the perovskite grain, as shown in
Scheme 2.
The impact of the double dipping process on the photovoltaic performance of the PSCs is shown in Figure 3 and
Table 2. The J – V curves under forward and reverse scanning (Figure 3(a)) are reproducible indicating that the device
works reasonably well under the measurement conditions,
and it performs stable photovoltaic properties. The same
observation was obtained for all the devices fabricated at various conditions. When the dipping time is increased from 2
× 90 to 2 × 240 s, the short-circuit density (J sc ) increases
gradually and then decreases, reaching a highest value
(19.01 mA.cm-2) at 2 × 150 s, which exhibits the balance
between the conversion of PbI2 to MAPbI3 and dissolution
process (Table 2). The ﬁll factor of these solar cells keeps
almost constant from 0.73 at 2 × 90 s to 0.71 at 2 × 150 s
and then decreased signiﬁcantly to 0.66 at 2 × 180 s and
0.68 at 2 × 240 s. Besides, the results show that the overall
conversion eﬃciency increases dramatically from 12.8% at
2 × 90 s to 13.4% at 2 × 150 s, then reduces to 11.8% at 2 ×
180 s. These results imply that the double dipping process
enhances the conversion of PbI2 to MAPbI3 and its morphology, which are important factors to improve the electrical optical properties of the perovskite. The solar cell devices
prepared at 2 × 150 s double dip coating process, which is
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Table 2: Photovoltaic performance parameters of the solar cell devices assembled at diﬀerent dipping times.
J sc (mA.Cm-2)

V oc (V)

FF

η (%)

2 × 90 s

17:23 ± 0:64

1:03 ± 0:02

0:73 ± 0:03

12:86 ± 0:62

2 × 120 s

17:55 ± 0:60

1:00 ± 0:01

0:71 ± 0:03

12:37 ± 0:64

2 × 150 s

19:01 ± 0:65

1:00 ± 0:01

0:71 ± 0:04

13:43 ± 0:86

2 × 180 s

17:90 ± 0:19

1:01 ± 0:01

0:66 ± 0:01

11:81 ± 0:39

2 × 240 s

17:6 ± 0:51

1:01 ± 0:02

0:68 ± 0:01

12:30 ± 0:33
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Figure 4: The statistical analysis of current density (J sc ), open circuit voltage (V oc ), ﬁll factor, and power conversion eﬃciency (PCE) of all the
solar cell devices fabricated at diﬀerent double dipping conditions.

optimized conditions, show impressive photovoltaic performance of 14%. The results are comparable among reported
ones focused on the perovskite material of MAPbI3 in literature [15–20].
It can be clearly seen in Figure 4 that the 2 × 150 s solar
cells could reach the optimum eﬃciency mostly due to the
record of J sc values which is mainly aﬀected by the formation
of the perovskite ﬁlm. The high quality of the perovskite layer
determined by the high transformation yield of the reactant
PbI2 to MAPbI3 and smooth morphology of the perovskite
ﬁlm with no defects and high crystallinity is the key factor to
optimize the performance of the solar cells. The double dipping process shows to be a suitable method to control the for-

mation of the MAPbI3 perovskite. The ﬁrst circle helped to
create perovskite on the surface and the nucleus crystal inside.
The second circle improved the crystallization of the product
deep inside the ﬁlm. With the optimum duration time for each
circle at 150 s, the perovskite could form at the maximum
yield, and the dissolution as well as the recrystallization on
the surface did not have adequate time to occur, leading to a
smooth morphology with no voids and no defects.

4. Conclusion
The present work focused on the optimization of the twostep process modiﬁed by double dipping circle to produce
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high superior hybrid lead iodide perovskite solar cells. The
MAPbI3 surface layer with high crystallinity and fewer
defects was successfully prepared via an equilibrium transformation of PbI2 at optimized dipping time. XRD analysis
revealed the impact of the dipping time onto the conversion
of PbI2 to MAPbI3, which is an important factor to achieve a
reasonable device performance. SEM images exhibited the
diﬀerent morphology features of the MAPbI3 layer prepared
from diﬀerent dipping times. SEM results implied the inﬂuence of the double dipping process on the morphology of
MAPbI3, and longer dipping time caused more holes and
defects on its surface. Finally, an optimized cyclic dipping
process at 2 × 150 s leads to a ﬂawless and high crystallinity
MAPbI3 layer, which can present an outstanding performance of the perovskite solar device of about 14%.
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